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Introduction

The Earth’s energy balance represents a nexus between
radiative forcings which set the trajectory of climate
change and feedbacks which determine the nature and
magnitude of the response. Yet entwined within the
observed decadal variability and trends are complex,
unforced interactions within the climate system. The
energy and water cycles are intimately linked and
observed precipitation changes contain signals from
unforced fluctuations as well as rapid adjustments
to radiative forcing and responses to the longer-term
heating or cooling; this is mediated by the oceans which
dominate the effective heat capacity of the climate
system. It is essential to monitor key indicators of climate
including the evolving energy budget to interpret global
change in the context of intrinsic multidecadal variability.

Fig. 1 displays variability and change in global-mean
surface temperature, atmospheric moisture, precipitation
and the top of atmosphere energy balance over the period
1979-2016. This includes a mixture of observationally-
based estimates combined with the European Centre
for Medium-range Weather Forecasts (ECMWF) interim
reanalysis (ERAI) (Dee et al, 2011), which continually
adjusts a numerical model by applying data assimilation
to an evolving and diverse set of global observations. Also
shown are atmosphere-only “AMIP” experiments from
phase 5 of the Coupled Model Intercomparison Project
(CMIP5) (Taylor et al, 2011) which apply realistic
radiative forcing and observed surface temperature and
sea ice distributions over the 1979-2008 period (an
ensemble mean with a one standard deviation spread
across models are displayed). The surface temperature,
water vapor and precipitation variability depicted in Fig.
la-c update Allan et al. (2014a) while Fig. 1d exploits top
of atmosphere energy budget estimates from Allan et al.
(2014b).

Considering deseasonalised monthly surface temperature
(Ts) anomalies from HadCRUTv4.5 (Morice et al,
2012), the globe has warmed at 0.16 K/decade when
considering the period 1988-2015 chosen to coincide
with the introduction of the special sensor microwave
imager (SSM/I) series of satellite instruments in 1987.
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This trend is punctuated by episodic warm EIl Nifio events
(e.g. 1997/98, 2015/16) and cool La Nifia episodes (e.g
1999, 2011) which alter global monthly mean surface
temperaturebyuptoaround 0.2-0.3 K. Atlongertimescale,
increased La Nifia frequency linked to multi-decadal
strengthening of the Walker circulation (LHeureux et al.,
2013) suppressed decadal surface warming rates during
2000-2010 (Xie & Kosaka, 2017). The opposite was
observed during 1980-1990 characterized by recurrent
and strong El Nino events, which boosted the warming
trend. The Ts anomalies are well represented by AMIP
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Figure 1: Deseasonalised monthly anomalies with respect
to 1995-2000 in global mean (a) surface temperature, (b)
column integrated or surface water vapor, (c) precipitation
and (d) top of atmosphere net radiation for a combination
of satellite and surface observationally-based estimates,
atmosphere-only climate models using prescribed observed
sea surface temperature and sea ice (AMIP) and a the ERAI
reanalysis over the period 1979-2016 (3 month smoothing is
applied).
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simulations (which prescribe observed sea surface
temperatures while land Ts is explicitly simulated) and
ERAI (which also prescribes ocean surface temperature
but land Ts is somewhat constrained by observations
through data assimilation). ERAI anomalies up to 0.2 K
higher than HadCRUT4 in late 2016 are likely due in part
to the lack of interpolation of observed values over the
Arctic (Cowtan and Way, 2014).

Atmospheric column integrated water vapour closely
tracks the temperature changes, as expected from the
strong temperature dependence of saturation vapor
pressure determined by the Clausius Clapeyron equation,
and there is broad agreement between the range of
surface in situ observations, satellite-based datasets and
AMIP simulations. The satellite estimates sample the ice-
free ocean (a combination of microwave measurements
taken from the FO08/F11/F13/F17 series of Defence
Meteorological Satellite Program satellites; Wentz,
2013) and are here combined with ERAI over remaining
regions: these indicate a moistening of 1.2 %/decade for
1988-2015; interestingly this trend is only marginally
suppressed (by about -0.2 %/decade) during the 2000-
2012 period of slower surface warming.

The resultant additional water vapor continuum
absorption in the more transparent window regions of
the infrared spectrum cause a reduction in surface loss
of clear-sky longwave radiation of ~1.4 Wm per mm of
precipitable water vapor (Allan, 2009) which translates
to reduced clear-sky surface net longwave radiative loss
of ~0.4 Wm per decade, consistent with more detailed
modelling estimates (Wild et al, 2008). Enhanced
absorption of sunlight by the increasing water vapor
additionally reduces net radiative energy loss by the
atmosphere and contributes to solar “dimming” at the
surface (Haywood et al.,, 2011).

Observed global mean column integrated moisture
increases with Ts at 7.220.4 %/K based on linear
regression (r = 0.87), in agreement with the combination
of Ts and moisture trends. This is consistent with simple
thermodynamics which strongly determine global low
altitude water vapor although variability and change over
land appears less constrained (Simmons et al. 2010).
Climate model AMIP simulations capture the SSM/I-
based variability and earlier Scanning Multi-channel
Microwave Radiometer (SMMR)-based microwave
estimates while ERAI anomalies are in close agreement
after the 1991-1993 period during which an unrealistic
drop in global ocean moisture affects the reanalysis.
There is a remarkable agreement in interannual
variability between independent HadCRUH surface
specific humidity observations (Willett et al., 2008)
and the satellite-based estimates of column integrated
moisture, with a consistent increasing trend over the
coinciding 1988-2004 period (Allan et al., 2014a).
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Low altitude moisture provides the fuel for rainfall
events (Trenberth et al.,, 2003) yet global precipitation
is determined by atmospheric energy balance, primarily
attributable to net radiative energy loss (Allen and
Ingram, 2002; O’Gorman et al., 2012). Given these
global driving factors, combined with the heterogeneous
distribution of precipitation and associated measurement
limitations, it is no surprise that variability and trends in
global precipitation (Fig. 1c) contrast markedly to that
of water vapor and temperature (Fig. 1a-b). Global mean
precipitation from the Global Precipitation Climatology
Project (GPCP v2.3; Adler et al., 2017), a combination of
satellite-based and land surface gauge-based estimates,
appears to display greater month to month variability
compared to longer time-scale changes than temperature
or water vapor; co-variability with these variables and
similarity to AMIP5 simulations appears less coherent
(Fig. 1c) with barely significant global precipitation
trends during 1988-2015 (0.3 %/decade; r=0.19) and
no significant trend during the period of slower surface
warming 2000-2012, consistent with understanding
of radiative forcing and precipitation response (Allan
et al,, 2014a; Saltzmann, 2016). It is reassuring but no
surprise that SSM/I-based estimates agree with GPCP
since SSM/I data over the ice-free ocean is used in the
generation of GPCP estimates while over other regions
data is identical in this merged estimate. However, the
changing observing system seriously compromises
the global precipitation variability depicted by ERAI
as previously reported (Dee et al, 2011; Allan et al,
2014a). Interannual coupling of GPCP precipitation with
HadCRUT Ts over this period is 3.0+0.7 %/K (r=0.37),
consistent with estimates of temperature dependent
precipitation sensitivity (Andrews et al., 2010; Myhre et
al,, 2017). Global precipitation increases with global Ts
primarily due to the enhanced radiative loss for higher
surface and atmospheric temperatures, set by the
thermodynamics of the coupled system (Roderick et al.
2014; Myhre et al., 2017) although this is tempered by the
additional absorption of sunlight by higher water vapor
loadings (Allan 2009) and modified by sensible heat
flux changes. However, apparent short-term increases of
2-3% in global precipitation during warm EI Nifio events
(e.g. 2010 and 2016) coincide with increases in Ts of
just 0.2-0.3 K, a much greater precipitation sensitivity
than anticipated from energy budget considerations and
indicative of a subtler influence of spatial reorganisation
of circulation systems and energy in the climate system.

Variability in net downward top of atmosphere radiation
imbalance by satellites are generally well captured by
the AMIP5 simulations (Allan et al.,, 2014b) indicating
that radiative forcing and feedback response are well
simulated when realistic ocean surface temperature
is prescribed. ERAI also captures month to month
variability in the radiation budget remarkably well given
that cloud cover, which dominates these fluctuations, is
not directly assimilated. However, decadal variability
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and trends are unrealistic and the reanalysis does not
represent volcanic radiative forcing as evident from
the lack of response to the 1991 Pinatubo eruption.
Variability is dominated by cooling following the Pinatubo
volcanic eruption in 1991 (up to -3 Wm caused by the
reflective volcanic aerosol haze in the stratosphere) and
El Nifio events in which a warmer atmosphere loses more
energy to space through infrared emission. This reduced
energy uptake is of order 1 Wm although an increase
in energy uptake of about 0.2 Wm2 can occur as El Nifio
builds (Johnson and Birnbaum, 2017) and substantial
reorganisation of energy in the upper 400m of the ocean
occurs (Roemmich et al, 2015). Recent estimates of
net radiative imbalance at the top of the atmosphere of
0.6-0.8 Wm-2 for 2005-2015 (Johnson et al., 2016) are
primarily determined by ocean heat content changes
measured by Argo buoys; this and additional observations
and assumptions are applied in anchoring the satellite
records (Loeb et al., 2012) which themselves provide
excellent representation of interannual variability and
decadal trends. The net imbalance is remarkably stable
over time with trends of just 0.02+0.01 Wm per decade
over the period 1988-2015, substantially smaller than
the expected uncertainty. This stability indicates no
hiatus in anthropogenic radiative forcing despite slower
global surface warming at the beginning of the 21st
century (Xie & Kosaka, 2017) although there is intriguing
evidence of distinct global energy budget response to Ts
that influences interannual fluctuations, internal decadal
variability and long-term climate response (Brown et al.,
2014; Xie et al., 2015).

Ongoing monitoring of Earth’s energy budget and other
key climate indicators combining a range of observations,
reanalyses and model simulations is valuable for (i)
detecting unrealistic behaviour in observing systems, (ii)
identifying unusual or significant climate fluctuations
and trends and (iii) improving understanding of physical
processes and feedbacks. Isolating internally generated
interannual to decadal variability from longer term
climate responses is essential for interpreting changes
in the global water cycle (Gu et al, 2016; Sukhatme
and Venugopal, 2017) and the fundamental driving
factors involving Earth’s energy balance (Palmer and
McNeall, 2014; Trenbeth et al., 2016). This variability can
potentially be exploited in elucidating regional feedbacks
on internal decadal variability (Brown et al., 2014; Zhou
et al,, 2016; Xie et al,, 2015) as well as in advancing
understanding of how the spatial nature of climate
change influences how sensitive the global climate is to
radiative forcings (Gregory and Andrews, 2016). The
regional manifestation of changes in the energy budget
and water cycle have been identified globally (Myhre et
al, 2017; Bony et al,, 2013) and at hemispheric (Hwang
et al,, 2013; Loeb et al,, 2016; Stephens et al., 2017) to
continental scales (Bollasinaetal., 2011; Dongand Sutton,
2015). Applying a regional energy budget perspective is
informative in understanding these water cycle responses
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(Muller and O’Gorman, 2011) and for tracking energy
within the climate system: combining satellite radiation
budget measurements with reanalysis energy transports
to estimate surface fluxes can be used to identify regional
decadal patterns of ocean heating (Liu et al., 2017) and
potentially constrain ocean energy transports (Trenberth
and Fasullo, 2017) and their changes from one decade
to the next. These advances take observing systems and
climate models to their limits (Desbruyeres et al., 2016;
Palmer, 2017; Wild, 2017). To further constrain long-term
regional climate change responses to radiative forcings
it is necessary to disentangle the distinct energy budget
responses and feedbacks influencing internal decadal
variability of the climate system.
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